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Abstract
Spinocerebellar ataxia type 7 (SCA7), a neurodegenerative disease characterized by cerebellar ataxia and retinal degen-
eration, is caused by a CAG repeat expansion in the ATXN7 gene coding region. Disease onset and progression are
highly variable between patients, thus identification of specific/sensitive biomarkers that can improve the monitoring of
disease progression is an immediate need. Because altered expression of circulating microRNAs (miRNAs) has been
shown in various neurological diseases, they could be useful biomarkers for SCA7. In this study, we showed, to our
knowledge for the first time, the expression profile of circulating miRNAs in SCA7. Using the TaqMan profiling low
density array (TLDA), we found 71 differentially expressed miRNAs in the plasma of SCA7 patients, compared with
healthy controls. The reliability of TLDA data was validated independently by quantitative real-time polymerase chain
reaction in an independent cohort of patients and controls. We identified four validated miRNAs that possesses the
diagnostic value to discriminate between healthy controls and patients (hsa-let-7a-5p, hsa-let7e-5p, hsa-miR-18a-5p, and
hsa-miR-30b-5p). The target genes of these four miRNAs were significantly enriched in cellular processes that are
relevant to central nervous system function, including Fas-mediated cell-death, heparansulfate biosynthesis, and solu-
ble-N-ethylmaleimide-sensitive factor activating protein receptor pathways. Finally, we identify a signature of four
miRNAs associated with disease severity that discriminate between early onset and adult onset, highlighting their
potential utility to surveillance disease progression. In summary, circulating miRNAs might provide accessible bio-
markers for disease stage and progression and help to identify novel cellular processes involved in SCA7.
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Introduction

Spinocerebellar ataxia type 7 (SCA7) is an inherited neurode-
generative disorder caused by the abnormal expansion of a
cytosine-adenine-guanine (CAG) trinucleotide repeat located
in the ATXN7 gene [1], which results in progressive loss of
neurons within the cerebellum, brainstem, and retina [2–4],
and consequently, in a plethora of clinical manifestations, in-
cluding gait-ataxia, dysarthria, dysmetria, dysdiadochokinesia,
hyperreflexia, postural tremor, sensory loss, and visual prob-
lems [2–4]. The polymorphic tract of CAG repeats ranges from
4 to 18 in normal chromosomes and from 36 to up to 460
repeats in expanded chromosomes [4–6]. SCA7 alleles present
also a range of Bintermediate alleles^ that includes between 28
and 33 repeats; this range is not clinically significant, but is
genetically unstable, whereas the presence of 34–36 CAG re-
peats may be provisionally defined as alleles with reduced pen-
etrance [7]. Interestingly, the length of the CAG tract inversely
correlates with age at onset, with repeats below 46 CAGs relat-
ed with adult onset [4] and repeats above 70 CAGs related to
infantile onset [7].

The ATXN7 gene product, named ataxin-7, harbors a
polyglutamine (polyQ)-tract expansion when synthesized
from the mutant allele, which confers on the protein an aber-
rant dominant activity that in turn alters multiple cellular pro-
cesses, including transcriptional regulation, protein conforma-
tion and clearance, autophagy, and oxidative stress [6, 8–11].
One of the most studied mechanisms underlying SCA7 is
transcriptional dysregulation of the SPT3-TAF9-
acetyltransferase-GCN5 (STAGA) transcription coactivator
complex; ataxin-7 is a core component of STAGA, while mu-
tant ataxin-7 exerts a dominant-negative function by interfer-
ing with the nucleosomal histone acetylation activity of GCN5
[12, 13].

Carriers of mutant alleles display diverse clinical presenta-
tions that range from the asymptomatic stage to a very severe
phenotype, due in part to the significant variability in age of
onset and to the unpredictable progression of both cerebellar
and non-cerebellar symptoms. This diversity of SCA7 stages
is not fully explained by the length of the pathological CAG
tract, and it is thought that gene modifiers and environmental
factors might shape SCAs [14]. In this scenario, the identifi-
cation of biomarkers that allow the monitoring of the natural
history of the disease and that could serve for diagnosis and/or
prognosis would be highly valuable.

Recently, the implication of miRNAs in the pathogenesis
of different neurodegenerative disorders has been shown
(Alzheimer disease [AD], Parkinson disease [PD],
Huntington disease [HD], and some spinocerebellar ataxias),
because their expression profile dynamically changes in these
disorders and correlates with specific pathological stages
[15–24]. MicroRNAs (miRNAs) are small noncoding RNAs
(20–26 nucleotides in length) that regulate gene expression at

the post-transcriptional level [25]. Interestingly, recent studies
have demonstrated the presence of miRNAs in human body
fluids, such as serum, plasma, and cerebrospinal fluid (CSF)
[26–31], which opens the possibility of analyzing miRNAs in
biofluids of SCA7 patients, as a proxy for inaccessible tissues.
Identification of miRNAs with clinical potential might allow
the timely diagnosis and surveillance of the disease progress.

In this study, we show, to our knowledge for the first time,
the circulating miRNAs expression profiles in SCA7. We
found altered circulating miRNAs in the plasma of SCA7
patients and identified some miRNAs that appear to be asso-
ciated with specific disease phenotypes. In addition, we deter-
mined a set of four upregulated validated miRNAs with diag-
nostic value to differentiate healthy control from patients.
Furthermore, we identified by computational analysis a sec-
ond group of four miRNAs with potential prognostic value.
Finally, functional enrichment analyses of the diagnostic
miRNAs target genes identified several signaling pathways
potentially involved in SCA7.

Materials and Methods

Subjects

The studied samples included 35 SCA7 patients and 17
healthy individuals (blood relatives and unrelated subjects),
who were confirmed as non-carriers of the SCA7 mutation
by molecular tes t ing, recrui ted by the Nat ional
Rehabilitation Institute (INR) and the Rehabilitation and
Social Inclusion Center of Veracruz-DIF (CRIS-DIF) from
the central region of Veracruz State, Mexico. Patients and
controls have a similar range of age, nourishment, and lifestyle
conditions. All subjects were volunteers and provided signed
informed consent. Patients with secondary ataxias due to al-
coholism, neoplasias, vascular pathology, malformations, au-
toimmune or inflammatory diseases, neuropharmacological
treatment, and other non-genetic causes were excluded.
Subjects with any of the following conditions were also ex-
cluded: infections, hepatic dysfunction, pregnancy, cancer,
drug abuse, current therapy with immunosuppressive or anti-
convulsant medicines or antioxidants, as well as nutritional
deficiency or serum creatinine elevation.

All subjects were interviewed to obtain their clinical history
and were clinically assessed with standard neurological exams
following Mayo Clinic procedures: Motor control of limbs
was evaluated to identify dysmetria and dysdiadochokinesia,
while cerebellar signs were assessed to detect gait ataxia,
tremor or dysarthria. Cranial nerve examination determined
altered ocular movements, while extrapyramidal signs explo-
ration identified involuntary movements. Muscle strength and
pathological reflexes were also assessed [32]. Evaluation of
ataxia-associated symptoms was determined using the Scale
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for the Assessment and Rating of Ataxia (SARA) [33], while
exploration for extracerebellar features was carried out using
the Inventory of Non-Ataxia Symptoms (INAS) [34]. SCA7
patients were categorized into two main phenotypes: adult
onset (AO) and early onset (EO), based on the age at onset
of the first referred symptoms (> or < of 20 years, respective-
ly) [4]. In general, EO patients referred visual symptoms (de-
creased visual acuity or macular dysfunction) within the two
first decades of their life, while AO referred cerebellar symp-
toms (moto alterations) as the first symptom until after the
third decade of life. The study was approved by the INR
Ethics/Research Committee.

Molecular Diagnostic of SCA7

Analysis of CAG repeats was performed by fluorescent PCR
and capillary electrophoresis. Genomic DNA was extracted
from peripheral blood leukocytes using the Gentra Puregene
blood kit (Qiagen, Hilden, NRW, Germany). Fluorescent mul-
tiplex PCR was carried out on an Applied BioSystems
Thermal Cycler using 60-ng DNA template and the chimeric
primers described by Dorschner et al. [35]. PCR-amplified
products were analyzed by capillary electrophoresis on the
ABI PRISM 3730XL Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA), as previously reported
[36, 37].

Isolation of miRNAs from Plasma Samples

Five milliliters of peripheral blood from patients and healthy
control subjects was collected into tubes containing ethylene-
diaminetetraacetic acid (EDTA) and processed for plasma iso-
lation immediately after collection. Total RNA was isolated
from 600 μl of plasma, using the miRNeasy Mini Kit (Cat.
217004) (Qiagen, Valencia, CA, USA), with modifications
suggested by Kroh et al. [38] and following the manufac-
turer’s instructions. RNA was eluted in 30 μl of RNase-free
water, and its concentration was determined on the
NanoDrop2000 spectrophotometer (Thermo Fisher
Scientific, Inc., USA). RNA samples were stored at − 80 °C
to further processing.

TaqMan Profiling Low Density Array

The miRNA expression profiles were obtained from the plas-
ma samples of 18 SCA7 patients (nine AO and nine EO pa-
tients) and five healthy subjects (Table 1), using pre-printed
Taqman profiling low density assay (TLDA) microfluidic
cards (Human miR ver. 2.0; Applied Biosystems,
Melbourne, Australia). This system is a 384-well PCR-based
microfluidic card with embedded TaqMan primers and probes
in each well for the 380-different mature human miRNA and
four nucleolar RNA controls. Briefly, 3 μl out of 30 μl of total

RNA, isolated from 600 μl of plasma, was reverse-transcribed
into complementary DNA (cDNA) on the GeneAmp-PCR
System 9700 (Applied Biosystems, Foster City, CA, USA),
using the TaqMan microRNA reverse-transcription kit
(Applied Biosystems, Carlsbad, CA, USA) and Megaplex
RT primers (Human Pool-A; Applied Biosystems, Carlsbad,
CA, USA), according to the manufacturer’s protocol. PCR
conditions were as follows: 40 cycles at 16 °C for 30 min;
at 42 °C for 30 min, followed by a final step at 80 °C for
5 min to inactivate the reverse transcriptase enzyme. Then,
cDNA libraries were pre-amplified employing Megaplex
PreAmp primer Human Pool-A and PreAmp Master Mix
kits (Applied Biosystems, Carlsbad, CA, USA), according
to the manufacturer’s instructions, and the amplified prod-
ucts were diluted in 5-μl Tris-EDTA for further real time
(RT)-PCR analysis. RT-PCR reactions were carried out on
the 7900 HT Fast Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA), according to the man-
ufacturer’s protocol.

TLDA Bioinformatics Analysis

The Ct values (fractional-cycle-number at which the midpoint
of logarithmic amplification was reached) of all plates were
determined using an automatic baseline and a threshold of 0.2
on Data Assist software (Applied Biosystems, Carlsbad, CA,
USA). miRNAs included in the analysis were filtered with a
maximum Ct value fixed at 38. Furthermore, miRNAs that
were not expressed in at least 80% of the samples or with
more than 20% of undetermined probes were removed from
the analysis. To define best internal reference miRNAs, a con-
trol stability (meanM) analysis was carried out, utilizing the
geNorm algorithm (http://genomebiology.com/2002/3/7/
research/0034); miRNAs showing least variable expression
across all of the samples tested were identified with the
SLqPCR Library on the bioconduc tor p la t form
(Supplemental Fig. 1). snRNAU6 (embedded control in
TaqMan human microRNA arrays), and hsa-miR-483-5p
miRNAs were employed as endogenous controls for normal-
ization (Supplemental Fig. 1). Normalized relative expression
levels of miRNAs were calculated by the comparative average
threshold cycle (Ct) method (2−ΔΔCt) [39, 40], which sub-
tracts the mean of the chosen controls from all other values
in the miRNA set. Then, to determine the differential expres-
sion of normalized miRNAs, a moderated t test was imple-
mented and Benjamini-Hochberg (BH) multiple adjusted test
was performed to calculate adjusted p values with the
HTqPCR-limma library implemented on R environment.
Expression profiles were adjusted by the clinical characteris-
tics age and sex in HTqPCR-limma analysis by removing
continuous covariate effects. A miRNA with a p value < 0.
05, adjusted p value < 0.05, and a fold change of > 1 were
considered as differentially expressed. Clustering analysis
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using Pearson correlation and average linkage was used to
define different subgroups, based on differentially expressed
miRNAs. All the previous analyses were conducted using R-
software (HTqPCR, limma, gplots) on the bioconductor
platform.

TaqMan-Based miRNA Assay for Independent
Validation of Individual miRNA

Validation of the expression of 20 selected miRNAs was per-
formed on plasma samples from 17 SCA7 patients (seven AO
and 10 EO patients) and 12 healthy control samples using
TaqMan RT-qPCR assays (Applied Biosystems, Foster City,
CA, USA). This set of miRNAs was chosen on the basis of
both its significant fold change found in patients and its pre-
vious implication in any neurodegenerative disease, accord-
ingly to miRNA functional annotations. Briefly, 1 μl out of
30 μl of total RNA, isolated from 400 μl of plasma, was
retrotranscribed in 7.5 μl on the StepOne-Real Time PCR
System (Applied Biosystems, Foster City, CA, USA) using
specific miRNA primer and TaqMan small RNA assay probes
(Applied Biosystems, Carlsbad, CA, USA). Pre-amplification
of cDNAwas conducted for 40 cycles at 16 °C for 2 min, at
42 °C for 1 min, and at 50 °C for 1 s, followed by a final step at

80 °C for 5 min for inactivation of the enzyme. Then, quanti-
tative RT-PCR (qPCR) was carried out utilizing forward and
reverse specific primers for each human miRNA (hsa-let-7a-
5p, hsa-let-7e-5p, hsa-let-7g-5p, hsa-miR-10b-5p, hsa-miR-
17-5p, hsa-miR-18a-5p, hsa-miR-19a-3p, hsa-miR-20a-5p,
hsa-miR-26a-5p, hsa-miR-27a-3p, hsa-miR-29a-3p, hsa-
miR-30b-5p, hsa-miR-132-3p, hsa-miR-148b-3p, hsa-miR-
221-3p, hsa-miR-223-3p, hsa-miR-323-3p, hsa-miR-324-5p,
hsa-miR-340-5p, and hsa-miR-375-3p) and two selected con-
trols (snRNAU6 and has-miR-483-5p). These microRNAs
were selected based on the differential expression between
SCA7 patients and healthy controls and because of their sta-
tistical significance.

Statistical Analysis

Demographic and clinical characteristics of all subjects were
presented as mean ± standard deviation (SD). Descriptive sta-
tistics were applied to determine differential individual char-
acteristics between patients with SCA7 and control-group
subjects bymeans of theMann–WhitneyU test for continuous
variables and the chi-square (Χ2) or Fisher exact test (two-
tailed) for categorical variables. The Stata ver. 10.0 statistical

Table 1 General characteristics
of studied individuals Control Patients with SCA7 Patients with SCA7

Healthy subjects Adult onset (AO) Early onset (EO)

TLDA’s

N 5 9 9

Female/male 3/2 4/5 4/5

Age 45.2 ± 15.2 48.6 ± 7.4 25.1 ± 4.7

Visual: age at onset NA 39.88 ± 6.5 18.9 ± 4.5

Motor: age at onset NA 43 ± 7.2 18.8 ± 3.8

Disease duration NA 9 ± 4 7 ± 4

CAG repeats 10.4 ± 0.8 42.3 ± 2 53.5 ± 5

SARA NA 14.77 ± 5.8 20.8 ± 10.8

INAS NA 3.5 ± 0.7 5.1 ± 2.3

Independent set validation

N 12 7 10

Female/male 8/4 3/4 6/4

Age 39.36 ± 10.66 47.43 ± 11.92 29.7 ± 10.87

Visual: age at onset NA 38.42 ± 13.61 17.3 ± 7.40

Motor: age at onset NA 38.28 ± 12.04 19.9 ± 6.98

Disease duration NA 10.14 ± 7.36 13 ± 12.22

CAG repeats 10.66 ± 0.94 41.71 ± 2.71 51.1 ± 6.20

SARA NA 11.87 ± 8.81 15.3 ± 7.42

INAS NA 3.85 ± 1.46 3.9 ± 1.51

Relevant features of healthy individuals (control) and SCA7 patients, who were subjected to TLDA (TaqMan
profiling low density array) or qRT-PCR analysis, are shown. Neurological scales (SARA and INAS) were used to
evaluate cerebellar and extracerebellar features in SCA7 patients. Quantitative variables are present as the mean ±
standard deviation. NA; not applicable
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software package (StataCorp, College Station, TX, USA) was
utilized for the calculations.

Pathway enrichment analysis was performed using: (a)
Tool for Annotations of MicroRNAs (TAM; http://www.
cuilab.cn/tam; version 2.0) for the set up regulated miRNAs
in SCA7. Briefly, we looked for overrepresentation in family,
cluster, disease, and pathway modules with the significant
upregulated miRNAs found in each comparison. Through
this analysis, we evaluated the statistical significance of each
miRNA category and searched for enrichments with specific
pathways and diseases already reported in the literature (not
by gene target prediction). We evaluated the significance by a
Fisher exact test p value of < 0.05, Bonferroni correction and
FDR; (b) for overrepresentation analysis of the SCA7 diag-
nostic miRNAs signature, we used miEAA (https://ccb-
compute2.cs.uni-saarland.de/ mieaa_tool/?id=www/www-
ccb/html/mieaa_tool/) program. A Fisher exact test p value
of < 0.05 was deemed statistically significant.

To evaluate a possible significant association of miRNA
expression profiles and phenotype presence (disease), a
descriptive method (univariate analysis) between these var-
iables was computed on SAS University Edition (remote
version via virtual-machine). The normalized expression
values (2−ΔΔCt) were standardized by z score to define
the pattern of relationships between miRNA expression
distributions and the disease phenotype. The behavior
was evaluated as discovery set (TLDAs analysis) and val-
idation set (independent assay). A receiver operating char-
acteristic (ROC) curve was performed to calculate the
miRNA relationship between sensitivity and specificity,
and these were plotted in R-environment. Computational
analysis to identify miRNAs with potential prognostic val-
ue was carried out with varSelRF package, using the ran-
dom forest gene selection method [41, 42]. The Pearson
correlation coefficient was used to test for association be-
tween prognosis-related miRNAs expression and SARA
and INAS. The significance level was set at p < 0.05.
STATA 10.0 software (Stata Corporation, College Station,
TX, USA) was used for calculations.

Results

Characteristics of Studied Subjects

Clinical characteristics of the discovery cohort as well
as the demographic features of healthy control subjects
are described in Table 1. A total of 35 SCA7 patients
were categorized into two clinical phenotypes: EO and
AO (see BMaterial and Methods^). EO patients exhibit-
ed a more severe form of the disease and a larger CAG
repeat tract than AO subjects.

Differential Expression of Plasma miRNAs in SCA7
Patients

To determine differentially expressed circulating miRNAs in
SCA7, plasma samples from 18 patients (nine EO and nine
AO) and five healthy control subjects were analyzed using the
TLDA, designed to detect 384 mature human miRNAs. We
were able to measure 252 miRNAs, with an average threshold
cycle (Ct) ≤ 38 under all experimental conditions. To optimal-
ly normalize miRNA expression, we employed both an en-
dogenous control embedded in the TLDA system (snRNAU6)
and a stable endogenous miRNA normalizer (hsa-miR-483-
5p) (Supplemental Fig. 1). Furthermore, miRNA expression
data were adjusted for age and gender using HTqPCR-limma
analysis, to avoid potential biases caused by these covariates.
Utilizing these stringent normalization criteria, 71 miRNAs
were found significantly upregulated in SCA7 patients, as
depicted in the heat map (Fig. 1a, b and Supplemental
Table 1 [adjusted p values ≤ 0.05]). When EO or AO patients
were compared with healthy control subjects separately, 47
and 60 upregulated miRNAs were found in the AO and EO
groups, respectively (Fig. 1c–f and Supplemental Tables 2 and
3 [nominal p values ≤ 0.05]), implying that greater disease
severity resulted in a higher number of deregulated
miRNAs. Interestingly, 25 altered miRNAs were particularly
found in EO patients, while only 12miRNAswere specific for
AO patients; the remaining 35 misregulated miRNAs were
common to both phenotypes (Fig. 1g). Furthermore, the dif-
ferentially expressed miRNAs were subjected to principal
component analysis (PCA), showing separation of the differ-
ent phenotype groups: SCA7 patients vs controls; AO vs con-
trols; and EO vs controls, with a principal component (PC1,
PC2, and PC3) accounting for 69.62, 68.85, and 65.49% of
the variability, respectively (Supplemental Fig. 2).

To confirm the accuracy of TLDA data, 19 differentially
expressed miRNAs were selected for further validation by
single qPCR assay in an independent cohort of 17 SCA7 pa-
tients (ten AO and seven EO patients) and 12 healthy control
subjects. The altered expression of all the miRNAs tested was
confirmed by this independent analysis (nominal p values ≤
0.05, Supplemental Table 4). Supplemental Table 5 shows
mirBase accesses and the sequence of all validated miRNAs.

Prediction of miRNA Target Genes and Enrichment
Analysis

Single miRNA can post-transcriptionally regulate many target
genes and ultimately act as a modulator for multiple cellular
pathways. To obtain insight into the biological function of the
mature miRNAs that were found deregulated in SCA7 pa-
tients, a gene ontology approach was applied using TAM
(the Tool for Annotations of human miRNAs) and miEAA
(the miRNA Enrichment Analysis and Annotation) software.
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We identified enrichment of the predicted miRNA targets in-
volved in various biological categories (Bonferroni-corrected
p < 0.01), including hormone regulation, adipocyte regulation,
onco-miRNAs, human embryonic stem-cell regulation, angio-
genesis, hematopoiesis, and cell division (Bonferroni-
corrected p < 0.01, Table 2). Supplemental Table 6 depicts
the miRNAs implicated in each biological category.
Furthermore, overrepresentation of certain miRNA families
(let-7 and mir-17) and expression of the hsa-mir-17 cluster
were revealed (Table 2), implying that the modified expres-
sion of this set of miRNAs may have a common biological
alteration during the establishment and progression of the dis-
ease. Also, this phenomenon pointed out the coordinate

activity of these miRNAs on the regulation of common target
genes or the modulation of specific pathways by the post-
transcriptional regulation of different genes belonging to the
same biological process. The enriched miRNA profile signif-
icantly associates with several pathological conditions, includ-
ing neurodegenerative disorders, and such a miRNA signature
was common to both AO and EO phenotypes (Supplemental
Table 7).

Diagnostic Performance of Plasma miRNAs

The diagnostic power of validated miRNAs was evaluated by
univariate logistic regression. We found five miRNAs (hsa-
let-7a-5p, hsa-let7e-5p, hsa-miR-18a-5p, hsa-miR-30b-5p,
and hsa-miR-132-3p) significantly associated with the dis-
ease. Except for hsa-miR-132-3p, the diagnostic value of this
set of miRNAs was confirmed using random forest gene se-
lection as a cross-validation approach (Supplemental Table 8).
The prediction and the definition of final model describes in
Fig. 2a–d. ROC curves showed that the average expression of
this set of circulating miRNAs has indeed the power to dis-
criminate SCA7 patients from healthy control subjects (area
under the curve = 0.89 and 0.84 for discovery and validation
sets, respectively) (Fig. 2e–f). Based on the random forest
analysis and the univariate regression approach, we obtained
a robust diagnostic miRNA-signature, which were confirmed

f

Table 2 Enrichment analysis of
altered circulating miRNAs in
SCA7

Count Percent Fold p value Bonferroni FDR

Function pathway

Hormone regulation 24 0.39 3.0797 1.35E-08 3.37E-06 6.63E-07

Adipocyte differentiation 15 0.56 4.4199 3.71E-08 9.28E-06 1.54E-06

Onco-miRNAs 16 0.52 4.1063 4.87E-08 1.22E-05 1.88E-06

Human embryonic stem
cell (hESC) regulation

27 0.32 2.5272 1.88E-07 4.69E-05 5.98E-06

Angiogenesis 12 0.5 3.9779 4.90E-06 1.23E-03 1.33E-04

hematopoiesis 13 0.42 3.3363 2.15E-05 5.38E-03 4.32E-04

Cell division 9 0.53 4.2119 5.04E-05 1.26E-02 9.40E-04

Anti-cell proliferation 7 0.64 5.0628 8.11E-05 2.03E-02 1.25E-03

Apoptosis 15 0.34 2.7122 8.67E-05 2.17E-02 1.27E-03

Cell death 17 0.31 2.4591 1.11E-04 2.79E-02 1.55E-03

Family

let-7 family 6 0.67 5.3039 1.98E-04 0.0496 2.50E-03

mir-17 family 6 0.75 5.9669 7.34E-05 0.0184 1.17E-03

Cluster

hsa-mir-17 cluster 4 0.67 5.3099 2.83E-03 0.7083 0.0213

Diseases

Neurodegenerative diseases 5 0.71 5.6828 4.70E-04 0.1175 4.89E-03

Alzheimer’s disease 6 0.55 4.3396 8.86E-04 0.2214 8.41E-03

Glioma 8 0.32 2.5459 7.70E-03 1 0.0468

6112 Mol Neurobiol (2019) 56:6106–6120

�Fig. 1 Altered profile of plasmamiRNAs in SCA7 patients. The TaqMan
profiling low density array (TLDA) was utilized to analyze miRNA ex-
pression in plasma samples from SCA7 patients and healthy controls.
Heat maps (left) and volcano plots (right) of differentially expressed
miRNAs in SCA7 patients are shown: a and b SCA7 patients vs healthy
controls. c and d Adult onset (AO) patients vs healthy controls. e and f
Early Onset (EO) patients vs healthy controls. In the heat maps, columns
correspond to the different subjects analyzed, whereas rows represent the
differentially expressed miRNAs. Red color indicates high relative ex-
pression, and green denotes low relative expression. Volcano plot show-
ing differentially expressed miRNAs in b SCA7 patients; d AO patients
and f EO patients. miRNAs with expression fold change > 1 (p ≤ 0.05)
were considered as upregulated. g Venn diagram showing overlapping
and non-overlapping miRNAs between EO and AO patients
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in both discovery and validation cohorts. Interestingly, most
of these predictive miRNAs appear to be involved in the same
biological processes, including FAS signaling (p = 0.014),
SNARE-vesicular transport (p = 0.010), and heparansulfate
biosynthesis (p = 0.002) pathways, as exhibited by miEAA
analysis (p values ≤ 0.05, Table 3).

Computational Analysis to Identify Putative miRNAs
with Prognostic Value

Comparison between differentially expressed miRNAs of AO
(n = 9) and EO (n = 9) patients revealed 17 upregulated
miRNAs in the latter group (Supplemental Table 9). Owing
to the greater severity of the EO phenotype, we next sought to
identify miRNAs that may serve as prognostic markers, using
a computational analysis based on random forest gene selec-
tion and univariate regression analyses. This computational
model identified four prognosis-related miRNAs (hsa-miR-
342-5p, hsa-miR-215-5p, hsa-miR-375-3p, and hsa-miR-
365a-3p; Fig. 3a), which were found to be associated with
disease severity by a univariate logistic regression
(Supplemental Table 10). Interestingly, SCA7 patients were
accurately assigned to the AO or EO groups with robust sen-
sitivity using this predictive model (bootstrap estimator of

prediction error: 0.22) (Fig. 3b). Furthermore, the mean ex-
pression of the selected miRNAs was greater in EO than AO
patients (Fig. 3c), while ROC curves demonstrated the robust
prognostic power of the prognosis-related signature of
miRNAs, with an AUC of 0.84 (Fig. 3d). Finally, the expres-
sion of prognosis-related miRNAs was correlated with sever-
ity ataxia rating scales. Interestingly, most of the miRNAs
showed significant correlation with SARA and INAS, includ-
ing the genemodule (composed by the mean expression levels
of altered miRNAs) (Supplemental Table 11). It is worth to
note that hsa-miR-375-3p expression significantly correlated
with ataxia rating scales in the two cohorts of patients: SARA
(discovery set, r = 0.39 and p = 0.052; validation set, r = 0.56
and p = 0.048) and INAS (discovery set, r = 0.32 and p =
0.049; validation set, r = 0.52 and p = 0.02) (Supplemental
Table 11). However, no significant correlation was observed
with the expression of this miRNA and disease evolution.
Collectively, our data indicate that the prognostic miRNAs
signature might be an effective predictor of SCA7
progression.

Discussion

Recent studies have provided solid evidence concerning the
function of miRNAs in neurodegeneration [43], and lately, the
analysis of circulating miRNAs in neurodegenerative diseases
has gained attention [44]. However, except for HD and SCA3,
studies aimed at clinically identifying relevant miRNAs in
Poly-Q pathologies are lacking. In this study, we showed, to
our knowledge for the first time, the expression profile of
circulating miRNAs in SCA7 patients. By using TLDA anal-
ysis, we identified a set (N = 71) of differentially expressed
miRNAs between SCA7 patients and healthy controls; further
comparative analysis revealed that EO patients displayed a
higher number of deregulated miRNAs than AO patients, im-
plying that the most severe phenotype of the disease could be
the result of a more extensive deregulation of miRNAs

Table 3 Overrepresentation
analysis of the SCA7 diagnostic
miRNAs signature

Function pathway Enrichment p value Observed miRNAs

FAS signaling pathway Over-represented 0.014 4 hsa-let-7a-5p

hsa-miR-18a-5p

hsa-let-7e-5p

hsa-miR-30b-5p

Heparan sulfate biosynthesis Over-represented 0.002 3 hsa-miR-18ª-5p

hsa-let-7e-5p

hsa-miR-30b-5p

SNARE interactions in vesicular transport Over-represented 0.010 3 hsa-miR-18a-5p

hsa-let-7e-5p

hsa-miR-30b-5p

6114 Mol Neurobiol (2019) 56:6106–6120

�Fig. 2 Signature of four miRNAs associated with SCA7 phenotype. a
The best number of genes that lead to the smallest error rate in the class
prediction model had been identified N = 4, as shown in the plot out-of-
bag error rate vs. the number of genes. Original data (red line) and the 200
bootstrap samples (black lines). b Further, the probability of class mem-
bership of each sample analysis showed that most of the samples were
optimal classified; indeed, the prediction error of the predicted model was
0.08821, while error rate at random was 0.22. cMean expression of hsa-
let-7a, hsa-let-7e, hsa-miR-18a, and hsa-miR-30b that showed clinically
relevant to discriminate patients and controls samples in discovery set
(TLDAs analysis) and d validation set (independent assay). e ROC anal-
ysis shows that the average expression of the diagnostic miRNA model
accurately discriminates SCA patients from healthy controls in discovery
set and f in validation set. Area under the curve (AUC) value is presented
discovery set (TLDAs analysis) and validation set (independent assay)



expression. Nineteen differentially expressed miRNAs were
further validated by qPCR, supporting the reliability of TLDA
data. To reduce the impact of population conformation,
miRNA expression profiles were covariate adjusted by age
and gender. Correcting miRNA expression allows us to re-
move potential confounding factors; thus, none of the reported
deregulated miRNAs in patients with SCA7 are associated
with dysregulation expression in accordance with age and/or
gender [45, 46].

The analysis of the different stages of SCA7 is currently
based on the evaluation of cerebellar and non-cerebellar fea-
tures, using subjective clinical scales (SARA, BARS, and
INAS) [4], which is time-consuming and requires extensive
examiner training to avoid bias. Therefore, identification of
corporal fluids disease-specific biomarkers, ideally at the
asymptomatic stage, would improve the monitoring of both
the natural history of the disease and patient progression in
clinical trials. In this regard, we demonstrated that a signature

Fig. 3 miRNAs associated with SCA7 severity. aOut-of-bag error rate vs
the number of genes in the class prediction model. Original data (red line)
and the 200 bootstrap samples (black lines). b Probability of class mem-
bership of each sample from SCA7 patients and healthy control group. c

Mean expression of the fourmiRNAs associated with SCA7 severity (AO
and EO) in the discovery cohort. d ROC analysis shows that the average
expression of the prognostic miRNA-model accurately discriminates
SCA patients from healthy controls
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of four miRNAs (hsa-let-7a-5p, hsa-let-7e-5p, hsa-miR-18a-
5p, and hsa-miR-30b-5p) has the power to discriminate, with
high sensitivity and specificity, between SCA7 patients and
healthy control subjects. In addition, we identified many plas-
ma miRNAs that are exclusively deregulated in AO (12) or
EO (25) patients, suggesting that expression of these miRNAs
correlates with the different presentations of disease and might
be useful to discriminate even between EO and AO pheno-
types. Although the miRNAs signature could play an impor-
tant role in the pathogenesis of the disease, their efficacy to
follow disease progression is unknown. In an effort to ap-
proach this, we performed a computational analysis on the
differentially expressed miRNAs between AO and EO pa-
tients to identify prognosis-related miRNAs. We obtained a
set of four miRNAs (hsa-miR-342-5p, hsa-miR-215-5p, hsa-
miR-375-3p, and hsa-miR-365a-3p) with potential prognostic
value. Remarkable, the expression of hsa-miR-375-3p posi-
tively correlated with ataxia clinical scales. It is worth to note
that the homolog of this miRNA (dme-mir-375-3p) was found
deregulated in a D. melanogaster model of SCA7
(ATXN7.102Q) [47], which highlights the importance of hsa-
miR-375-3p in the mechanisms underlying SCA7.
Unfortunately, the correlation with the evolution time of dis-
ease was not observed, suggesting that the sample size and the
high variability in the evolution of the pathology among the
patients were not enough to reach significant values.
Therefore, the miRNA signature comprises a specific novel
auxiliary marker for SCA7, because they are sampled in a
relatively noninvasive manner and are readily detected by
RT-qPCR assay, a technique widely utilized in clinical labo-
ratories. It is worth to mention that determination of a
miRNAs expression profile in SCA7 has no the pretension
to replace classical PCR, which is currently the simplest inex-
pensive diagnostic method. Instead, identification of a
miRNA signature with the power to discriminate between
patients and healthy subjects, as described herein, is the first
necessary step toward the wide range of applications of
miRNAs, including identification of disease-stage miRNAs,
the use of longitudinal studies to identification miRNAS with
prognostic value, and eventually miRNAs that help to monitor
patient’s response to therapeutic intervention for future clini-
cal trials.

The functional link between deregulated miRNAs in the
blood of patients and the neurodegenerative disease itself re-
mains a controversial issue. It is thought that brain-derived
miRNAs can pass through the blood–brain barrier (BBB) by
exosome transport [48–50]; encapsulation of miRNAs in
membrane-bound vesicles, such as exosomes, might protect
them from the nuclease-rich environment present in biological
fluids [51]. Alternatively, it has been proposed that the
complexing ofmiRNAswith Ago1 and Ago2 proteins confers
stability on plasma miRNAs [52–55]. In line with the idea that
altered expression of circulating miRNAs in SCA7 might

reflect the physiological state of distant organs, we carried
enrichment analysis of the SCA7 miRNAs profile to identify
mRNA targets and envisage unrecognized biological func-
tions involved in SCA7. Such an analysis revealed 10 canon-
ical biological processes, all of which have been previously
implicated in neurodegenerative diseases [56–58],
neurogenesis, neurodegeneration, and angiogenesis [59–62].
Particularly, we found four-miRNA signature (hsa-let-7a-5p,
hsa-let7e-5p, hsa-miR-18a-5p, and hsa-miR-30b-5p) that dis-
criminates between SCA7 patients and healthy controls. Such
analysis suggests the participation of these miRNAs in various
signaling pathways with relevance to central nervous system
(CNS) function, including Fas-mediated cell-death, heparan
sulfate (HS) biosynthesis, and soluble-N-ethylmaleimide-
sensitive factor activating protein receptor (SNARE) path-
ways. Fas-mediated cell death regulates the gradual loss of
specific neurons [63, 64] and, in conjunction with other mem-
bers of the tumor necrosis factor receptor (TNFR) family,
indirectly modulates the inflammatory response and cell
growth and proliferation [65], while HS, a main extracellular
matrix (ECM) component, regulates cell homeostasis, acting
as a growth-factor co-receptor to facilitate ligand-receptor
bond [66–68]. With respect to the SNARE pathway, which
mediates vesicle exocytosis during neuronal growth and neu-
rotransmitter release for synaptic transmission [69], it was
found that miR-153 adversely regulates the expression of
SNAP-25 (the core component of the SNARE complex) in
order to control motor neuron development and neurotrans-
mission in zebrafish [70]. Remarkably, SNAP-25 dysregula-
tion has been found in various CNS pathologies, including
attention deficit hyperactivity disorder (ADHD), schizophre-
nia, bipolar I disorder, HD, and AD [71]. Overall, these evi-
dence in the literature supports the hypothesis that altered
expression of the circulating miRNAs observed herein in pa-
tients might be related to the neurodegenerative features of
SCA7, including inflammation and the dysfunction and loss
of neuronal cells. Clearly, further molecular experiments in
cellular and animal models of SCA7 are necessary to sustain
this idea. It has recently described that hsa-miR-124 mediates
the post-transcriptional cross-talk between the long noncoding
RNA lnc-SCA7-mediated negative feedback loop and
ATXN7 mRNA in the cerebellum and retina of SCA7 mouse
models [72, 73]. Suppression of STAGA activity by mutant
ataxin-7 results in decreased expression of miR-124. We
found no significant changes in miR-124 expression in the
plasma samples of SCA7 patients, which suggests that miR-
124 function is unrestricted to SCA7-specific organs; there-
fore, basal expression of miR-124 in other tissues [73–75]
could be reflect some subtle changes in plasma.

A logical inquiry from our data is whether the SCA7
diagnostic and prognosis miRNAs signature is shared with
other neurodegenerative diseases. Searching in published
data sets allowed us to noted that hsa-miR-30b-5p
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expression was found to increase in peripheral blood of PD
patients [76] and brain cortex of HD and SCA1 patients
[15, 76], while hsa-let-7a-5p levels augmented in the cer-
ebellum and brain cortex of SCA1 patients [77] and hsa-
let-7e-5p in the CSF of AD patients [78]. Moreover, the
expression of hsa-miR-215-5p and hsa-miR-375-3p was
decreased in serum from SCA3 patients [20]. With respect
to animal models of PolyQ diseases, the expression of
mmu-miR-365-3p was found to increase in the cerebral
cortex of N171-82Q HD mice, while that of mmu-miR-
30b-5p augmented in the cerebellum of SCA1BO5 mice
[18, 79]. Finally, the expression of mmu-miR-342-5p was
found to augment in an immortalized striatal cell line de-
rived from STHdhQ111/HdhQ111 mice [80]. Thus, with
the exception of hsa-miR-18a-5p, which has not been in-
volved in other polyQ diseases and appears to be specific
for SCA7, the remaining SCA7-related miRNAs describe
here could be involved in converging mechanisms of neu-
rodegenerative diseases. Future studies in SCA7 mouse
models are needed to support the utility of these miRNAs
in preclinical studies and therapeutic intervention.

Although, our study deeply describes the circulating
miRNA landscape in SCA7 condition, there were some
limitations. First, cases and controls do not completely
match at age and gender; nonetheless, we mitigated this
imbalance by including age and gender as covariates, to
filter miRNAs expression data. Another limitation is the
sample size. The cohort of 35 patients was highly valu-
able, because of the rare incidence of SCA7 (< 1/
100,000); however, further classification into EO and
AO patients rendered short sample sizes. Therefore, al-
though we identified distinctive miRNAs of each disease
stage with significant nominal p values, EO and AO sam-
ples were not large enough to maintain significant adjust-
ed p values. Future studies on larger sample sizes and
longitudinal analysis are required to confirm the existence
of disease stage-specific miRNAs. Finally, while enrich-
ment analysis, based on statistical associations, pointed at
some molecular mechanisms underlying SCA7, further
functional studies are needed to support their possible
association with the biology of the disease.

In summary, we described, to our knowledge for the
first time, the expression profile of plasma miRNAs in
SCA7 and identified a set of four miRNAs with potential
diagnostic power. Furthermore, we identified a second
set of four miRNAs with potential prognostic value,
using a computational analysis. Our results will provide
impetus for further evaluation of the clinical value of
plasma miRNAs in SCA7 progression, therapeutic effica-
cy, and prognosis. Furthermore, identification of miRNA
targets with potential biological significance can aid in
the identification of novel cellular processes involved in
SCA7.
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